Because of the almost total lack of geological record on the Earth's surface before 4 billion years ago, the history of the Earth during this period is still enigmatic. Here we describe a practical approach to tackle the formidable problems caused by this lack. We propose that examinations of lunar soils for light elements such as He, N, O, Ne, and Ar would shed a new light on this dark age in the Earth's history and resolve three of the most fundamental questions in earth science: the onset time of the geomagnetic field, the appearance of an oxygen atmosphere, and the secular variation of an Earth-Moon dynamical system. earth wind ͉ Earth-Moon dynamics ͉ geomagnetic field ͉ oxygen atmosphere ͉ solar wind
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ecause of a strong dynamic coupling between the Earth and the Moon, theoretical studies have concluded that the spin-locking between the Earth and Moon took place in a few tens of million years (Ma) after the formation of the EarthMoon system Ϸ4.5 billion years (Ga) ago, and since then the near side of the Moon faced the Earth (1) . Also, theories have suggested that because of tidal energy dissipation, the Moon has been receding from the Earth. Recent theoretical studies concluded that the distance between the Earth and the Moon was about half of the present distance circa 4 Ga ago (2, 3) . These theoretical conclusions suggest the possibility that there has been interaction between the Earth's atmosphere and the near-side lunar surface in ancient time. Such interaction would be further enhanced (4) if the geomagnetic field were less developed or even absent in ancient times (5) . Therefore, we suggest that close examinations of lunar soils for lighter elements would resolve long-standing fundamental problems such as the onset time of the mature geomagnetic field as well as the dynamic evolution of the Earth-Moon system.
Lunar soils would also provide a clue to another outstanding problem: the appearance of the biotic oxygen atmosphere. The Geotail space mission that observed ions around the Earth's orbit showed that a considerable amount of O ϩ was escaping from the Earth's ionosphere (6) , and some fraction may reach the lunar surface. Therefore, terrestrial oxygen in ancient lunar soils, if identified, would provide unambiguous proof for the existence of the biotic oxygen in the contemporary terrestrial atmosphere.
The aim of this paper is to offer a prescription of practical procedures in detail for how lunar soils can be used to study the above-mentioned fundamental problems on early evolution of the Earth-Moon system. Although the empirical results are yet to be acquired, we believe that this prescription would serve as a useful guide for the planetary science community to challenge those long-standing fundamental problems, which have so far been deterring any conventional approach.
When Did the Geomagnetic Field (GMF) First Appear?
There are a large number of paleomagnetic measurements of geomagnetic intensity up to 3.5 Ga ago. These data show that the virtual geomagnetic dipole moment has fluctuated considerably, but the mean value appears to have remained close to the present value of 8 ϫ 10 22 A⅐m 2 (7) . More recent precise paleointensity determination on single-silicate minerals extracted from old (3.2 Ga) volcanics from Kaapvaal craton (South Africa) by means of a Thellier-Thellier step-heating method (generally regarded as the only meaningful paleointensity determination method by paleomagnetists) done by Tarduno et al. (5) appears to support the previous conclusion by Kono and Tanaka (7). However, beyond 3.5 Ga, there are no paleointensity data.
Currently, there are 2 schools of thought on the onset time of a permanent geomagnetic field. One is to assume that the geodynamo could have commenced simultaneously with the formation of the liquid iron core without necessarily having a solid inner core to crystallize, because given an electricalconducting fluid core of the present size with a present angular momentum, a number of magnetohydrodynamic numerical simulations concluded that a self-generating dipole field can be generated with an appropriate heat source for core convection (8) . The formation time of a fluid iron core is now fairly well constrained on the basis of W-isotopic ratio of terrestrial materials compared with chondrites to within 10-30 Ma after the Solar System formation at Ϸ4.56 Ga ago (9, 10) . This would mean that the origin of the geomagnetic field goes back to Ϸ4.53 Ga ago.
To sustain a stationary geomagnetic dipole field, however, the full development of a solid inner core may be important (5, 11) . A considerably later development of an inner core has been suggested from the thermal evolution studies of the core (12, 13) . These considerations lead to an alternative view that the appearance of a stationary GMF was considerably later than 4.5 Ga ago (5, 14) . The puzzling observation of an unmagnetized giant impact crater of 3.9 Ga on Mars, despite the existence of magnetized regional crusts that are commonly assigned to the existence of an ancient global magnetic field, may be related to a specific growth mode of an inner core (15) . In the following data, we show that a light element such as H, N, or noble gases implanted in lunar soils, generally attributed to the Solar Wind (SW), can be used as a unique tracer to resolve these fundamental issues in geomagnetism.
Hashizume et al. (16) analyzed H and N isotopes in handpicked single ilmenite grains supposedly of ancient age from Apollo 17 lunar soils. When plotted in a H/D-15 N/ 14 N diagram, isotopic data lie approximately on a curve, which they interpreted to be a mixing curve between two end members, an indigenous SW component and a tentative ''planetary compo-nent'' possibly of cometary origin (Fig. 1A) . However, Ozima et al. (4) pointed out that the isotopic composition of the planetary component is close to terrestrial, and they suggested that the two end-member mixing curve is better explained as the mixing of the SW component with the terrestrial atmospheric component. Similar mixing tendency was also reported for light noble gases by Heber et al. (17) , who measured He, Ne, and Ar isotopic compositions of single ilmenite grains from Apollo 12, 14, and 17 lunar soil samples ( Fig. 1 B and C) . On the basis of these observations, Ozima et al. (4) examined the possibility that measurable amounts of light volatile elements could be transported from the ancient Earth atmosphere, and they showed that a theoretically calculated escape rate of light elements and noble gases from the Earth may account for the observed amount of the components of putative terrestrial signature in lunar soils, provided that the Earth did not have a permanent GMF, and the distance between the Earth and the Moon was approximately half of the present one.
All these theoretical discussions and empirical data are consistent with the assumption that the Earth was nonmagnetic and much closer to the Moon in ancient time during the period when some of the Apollo ilmenite grains were exposed to the SW as well as to the influence of terrestrial atmospheric components. Therefore, using the assumption as a working hypothesis, we suggest that the youngest age of ilmenite grains (see the section Prescription for Experimental Procedures for the choice of this specific mineral), which show terrestrial isotopic signature in N and light noble gases, would correspond to the onset time of the GMF. If we can resolve the time when ilmenite grains were implanted by ions escaping from the Earth (hereafter EW for Earth Wind), then we can constrain the lower limit of the age for the onset of the GMF. The next key issue is to resolve the time when ilmenite grains were placed on the very top of the lunar surface so that the grains (submillimeter size) were subjected to implantation of the SW and/or EW. We will discuss this in the section Estimation of Surface Exposure Age.
When Did the Biotic Oxygen Atmosphere Form?
Oxygen is the second most abundant element in the present Earth atmosphere, constituting a 24% atomic fraction. Its existence in the atmosphere is generally attributed to photosynthesis, and hence its first appearance in the atmosphere is often regarded as synonymous with the origin of life in the Earth. However, the time of the full development of the biotic atmosphere is still not well constrained. A currently influential view is to set the time of a full biotic atmosphere formation to Ϸ2.5 Ga ago. What was considered as the smoking gun for this conclusion is the observation of abrupt change in sulfur isotopic ratio (mass-independent isotopic fractionation) in sulfate and sulfide minerals Ϸ2.5 Ga ago, which is attributed to the sudden diminution of solar-UV radiation because of the rapid development of oxygen, one of the most effective UV absorbers in the atmosphere (18) . However, this sulfur isotopic signature is not without complications; UV is essentially shielded at the ground level by the atmosphere, if the atmospheric oxygen becomes above 10 Ϫ5 times the present atmospheric level (PAL), that is to say, the sulfur isotopic signature (mass independently fractionated isotopic ratio) corresponds to a very early stage of oxygen evolution, which may be much earlier than the fully developed oxygen atmosphere, and hence would not constrain sharply the onset time of the fully developed biotic oxygen atmosphere. Although currently less favored, much earlier appearance of oxygen in the atmosphere has been persistently argued mainly on the basis of a variety of ancient geological records, including some sulfur isotopic records (19) . To resolve this question, it is imperative to have observations that can impose an independent constraint on the formation time of a fully developed biotic atmosphere.
As we discussed in the previous section, a considerable amount of ions are likely to escape from an abiotic Earth atmosphere (4), of which a measurable amount, especially light element ions such as N (the most likely major atmospheric element in the ancient prebiotic atmosphere), would reach the lunar surface, provided that the Earth did not have a permanent magnetic field. However, we should note that a substantial amount of O ϩ can escape even from the present Earth with the GMF. This is because ionization of oxygen tends to suppress ionization of other ions in the upper atmosphere (20) . Once oxygen is ionized, a considerable fraction of the ions are picked up by the SW and escape from the Earth atmosphere in the presence of the current GMF (6). The substantial Earth-escaping O ϩ flux was confirmed by the Geotail mission (21) . This contrasting role of the GMF is schematically illustrated in Fig.  2 . We estimate that Ϸ10% of the Earth-escaping O ϩ from a biotic Earth hits the lunar surface, whereas Ϸ0.3% of Earthescaping N ϩ from an abiotic Earth reaches the lunar surface. Details are given in the legend of Fig. 2 .
Recently, Hashizume and Chaussidon (22, 23) , and Ireland et al. (24) attempted to measure the isotopic composition of oxygen implanted on metal particles in lunar soils. Both groups observed that implanted oxygen was substantially mass-independently fractionated either negatively (22) or positively (23, 24) relative to the terrestrial oxygen. In the following discussions, we use 17 O is free from a common mass-dependent isotopic fractionation and is related to highly specific process(es) relevant to the origin of respective isotopomers.
There are three conceivable major isotopomers to account for oxygen in lunar soils; (i) indigenous lunar oxygen, (ii) SW-O, and (iii) EW-O. It is well-established that indigenous oxygen in the Moon is essentially identical to terrestrial oxygen with ⌬ 17 O (‰) ϭ 0.000 Ϯ 0.014 (25) . According to McKeegan et al. (26) , SW-O appears to be highly fractionated with a negative ⌬ 17 O value of a few tens of ‰. Although the data are at this moment not corrected for possible isotopic fractionation associated with the SW concentrator onboard the Genesis spacecraft, the substantial negative ⌬ 17 O value is likely attributable to intrinsic characteristics of the SW, because concentrator-induced isotopic fractionation is likely mass dependent, and therefore the observed mass-independent type fractionation should either be sought in the emission process of SW in the Sun's chromosphere or be attributed to the intrinsic characteristics of solar oxygen. taking into account oxygen and nitrogen chemistry with ions, neutral atoms, and electrons in the altitude 100-800 km. They showed that at Ϸ300 km, O ϩ is the most abundant ion and its number density reaches maximum, being consistent with an ion-picking altitude inferred from the GEOTAIL observation (6) (20) . In this regard, measurements of the isotopic ratio of oxygen in EW are of utmost importance and urgency. This should be technically far less challenging and doable at a fraction of the cost of the Genesis mission to collect SW.
How Has the Earth-Moon Dynamic System Evolved?
Although the origin of the Moon is still not fully understood, the dynamic evolution of the Earth-Moon system after its formation is now fairly well understood at least on theoretical grounds, but an attempt for empirical confirmation of the theoretical conclusions has not been forthcoming because of formidable technical difficulty. One of the major theoretical conclusions is that the identical periods of the Moon's rotation and revolution were established soon after the formation of the Earth-Moon system. This theoretical conclusion implies that only the near side of the Moon has been facing the Earth for most of time (1) . We propose that observational confirmation of this theoretical conclusion can be made; once co-rotation of the Earth-Moon system was established, almost no terrestrial components should be observed in lunar soils on the far side. Furthermore, the exact time for the onset of this spin-locking of the Earth-Moon system could also be constrained from the absolute age of the exposure time of individual grains on the near side to the EW.
A related important theoretical prediction on the evolution of the Earth-Moon dynamic system is that owing to tidal energy dissipation, the Moon has been receding from the Earth. For example, Abe and Ooe (2) concluded that the distance between the Moon and the Earth was approximately half of the present distance Ϸ4 Ga ago. An earlier study (3) also supports the general trend in increasing distance between the Earth and the Moon. If the Moon has indeed been receding from the Earth throughout geological time, we expect that the day length of the Earth should also have changed accordingly to conserve the system's angular momentum. To confirm the day-length change in geological time has been a quest of Earth scientists over centuries, and a large number of studies of potential geological records such as the number of growth lines in coral and bivalve have been done, which appeared to suggest a systematic decrease in day length up to the early Cambrian age (29, 30) . Beyond the Cambrian age 2 independent studies on stromatite were not very conclusive, although both suggested further decrease of day length (29, 31) . This problem can also be resolved by studying lunar soils, because we would expect a systematic decrease of terrestrial atmospheric components on the near-side soils proportional to 1/R 2 , if the Earth-Moon distance R has been increasing substantially (2) .
Estimation of Surface Exposure Age
In the preceding sections, we described a road map toward solving the defined fundamental problems, but we have not discussed a key issue common to all of the prescriptions discussed in this paper, that is to estimate an exposure time for individual minerals (e.g., ilmenite) to external particle radiations such as SW or EW. Relevant information regarding the surface exposure age of lunar soils may be obtained by the use of cosmic-ray and surface neutron-irradiation effects, but this only tells the time during which samples were within a few meters of the surface, not the exposure time of individual mineral grains (generally submillimeter-size) directly exposed to the SW or EW. Several samples from Apollo 14 and 17 have been studied for the relevant cosmic ray and surface neutron-irradiation age (32, 33 Here, we assumed on the basis of Geotail observation that the EW has a circular flow with 2 R E (6). (Lower) The SW can approach very close (a few hundred kilometers) to the Earth and pick up ions from the ionopause (darker blue). The probability of the EW tail shadowing the Moon is calculated to be Ϸ0.3% (for assumed Earth-Moon distance of 40 R E) of the whole revolving time of the Moon (4), that is Ϸ0.3% of the EW flux reaches the Moon surface. Although interacting volume of the upper atmosphere with the SW is much smaller than in a magnetic Earth, much thicker atmospheric pressure because of the shorter distance to the Earth largely counterbalances to give rise to a substantial amount of pick-up ions from the ionopause.
ation age coincided with the formation age (of minerals in soils) was most easily in accord with the data at hand.'' However, it is difficult to relate these irradiation ages to the surface implantation age of individual mineral grains in the soil. Here, we present our approach to this problem.
A single ilmenite grain, which was first liberated from a host rock, must have experienced repeated burial/exposure gardening because of later impacts. Langevin and Arnold (34) concluded from Monte-Carlo simulation that after the initial surface exposure period on the very top surface (Ϸ1.5 ϫ 10 5 years for a 100-m grain) on which a grain happened to be located, it underwent random walk to deeper burial. Therefore, we may reasonably assume that the surface exposure time of mineral grains is generally close to the time when a grain was first disintegrated from host bedrock. The latter event is very likely to be attributed to a major impact event near the sampling site, and the age can be estimated by dating impact glasses (35) . Procedures for estimating the surface exposure age of individual grains are as follows: First we collect soils from well-preserved, large impact lunar craters, for which impact ages can be precisely dated by applying an 40 Ar-39 Ar method to their impact glasses. Next, we date individual mineral (e.g., ilmenite) grains from the aliquot of soils by an 40 Ar-39 Ar method (for further discussions on the feasibility of ilmenite dating, see the next section), and we also analyze the same grain for the isotopic composition of light elements. If the ilmenite age agrees with the age of the impact glasses, we can conclude that the 40 Ar-39 Ar mineral age was totally reset by the impact, and we assume that light noble gases and volatile elements such as H and N were likewise essentially reset to reflect their implantation later than the impact time. Therefore, we conclude that defined surface exposure age can be used as a best proxy of the time for the SW or EW implantation of a grain. The procedure for the estimation of the surface exposure age is shown schematically in Fig. 3 .
Prescription for Experimental Procedures
For a successful execution of the previously outlined program, the choice of samples is a key issue. Ilmenite grains would be best suited for the purpose, because ilmenite is known to have the highest retentivity for implanted noble gases, and likely for other light elements. Also, in contrast to metal particles (the only samples analyzed so far for implanted SW-O), for which their origin is somewhat dubious (possibly meteorite or cometary debris), ilmenite is known to be intrinsic to the Moon. SW and picked-up EW ions travel together with a similar velocity of approximately 1 keV per nucleon, that is an average energy of SW, and they are implanted into an extremely thin layer of an ilmenite grain with a maximum population at Ϸ30-nm depth with a rough Gaussian distribution (see Fig. 4 ).
Taking advantage of this thin-layer implantation, we can use a single ilmenite grain not only for isotopic analyses of light elements (e.g., H, C, N, and O) and of noble gases implanted in a skin layer, but also for Ar-Ar age determination, for which information is essentially retained in a bulk grain. Experimental procedures, after separation of ilmenite grains from appropriate lunar soils, are outlined as:
Step 1. Isotopic analyses of light elements (e.g., H, C, N, and O) on the outer few tens-of-nanometers layer of the selected ilmenite grain with secondary ion mass spectrometry (SIMS).
Step 2. Isotopic analyses of noble gases by means of the Closed System Step acid Etching (CSSE) method (36) .
Step 3. The remaining whole ilmenite grain is irradiated with thermal neutrons in a nuclear reactor, and thus irradiated ilmenite is analyzed for 40 Ar dating by means of stepheating degassing.
In Fig. 5 , we illustrate the outline of Steps 1-3. (not shown) apart from the very surface layer less than a few nanometers, which was disturbed by surface contamination (24). Here, a few remarks on performing these 4 experiments should be made. First, elements implanted in an ilmenite grain with E ϭ 1 keV per nucleon are essentially confined in the Ϯ10-nm range (longitudinal straggling, analogous to 1) at Ϸ30-nm depth according to SRIM code (37) computer simulation of the depth profile of the energetic particle implanted in ilmenite matrix (Fig. 4) . Although oxygen is one of the major constituents in ilmenite (FeTiO 3 ), the extremely high concentration of implanted SW/EW oxygen becomes comparable with indigenous ilmenite oxygen in a skin layer, and hence the interference of the indigenous ilmenite component could be discarded. For example, in the case of the EW, about 10 3 O ϩ ions per cm 2 are estimated to hit the lunar surface according to the Geotail observation (6) . Assuming that this flux was implanted into an ilmenite grain for 1.5 ϫ 10 5 years of a mean surface exposure time (34) 3 . Considering large uncertainties in observed values used in the above estimation such as the escaping O ϩ flux and the interacting SW intensity, a factor of 10 difference between the 2 estimates in the oxygen concentration can reasonably be tolerated. Second, because the step 1 experiment is carried out on a small number of spots a few tens of micrometers in size at most, the rest of the surface layer is enough for a step 2 experiment. The step 2 experiment consumes an entire skin layer of at most a few hundred nanometers, but leaves the rest of a whole grain essentially intact for step 3 of Ar-Ar dating. Third, although we are not aware of any report on 40 Ar-39 Ar dating of lunar ilmenite, we think it is quite feasible to obtain useful 40 Ar-39 Ar step-heating age information from lunar ilmenite. Fagan et al. (38) reported K 2 O ϭ 0.054% for ilmenite in lunar meteorite NWA 032 (to date the only published datum). This K content would produce about 5.6 ϫ 10 Ϫ6 cm 3 of radiogenic 40 Ar in an ilmenite grain of 500-m size (16) 4 Ga old, which is more than two orders of magnitude larger than the detection limit of 40 Ar (essentially limited by a procedural blank of 40 Ar, which is generally 1 ϫ 10 Ϫ9 cm 3 ) in a currently available high-sensitive and low-blank mass spectrometer.
Conclusions
Careful examinations of the surface implanted light element components such as He, Ne, Ar, N, and O in lunar soils from both the near and far side of the Moon's surface would yield new insight into some of the most fundamental problems in Earth and planetary sciences, such as the first appearance of the GMF, the evolution of oxygen in the atmosphere, and the dynamical evolution of the Earth-Moon system. Here, we described a prescription for a practical approach to spur research interests in the community. We emphasize that experimental facility and technique, such as precise isotopic measurements of minute minerals of lunar soils, are essentially ready for the present purpose with minor technical improvement. Sampling of lunar soils both from the near and far side is also within current technology.
